The integration of Global Positioning System (GPS) real-time kinematics (RTK) and an inertial navigation system (INS) has been widely used in many applications, such as mobile mapping and autonomous vehicle control. Such applications require high-accuracy position information. However, continuous and reliable high-accuracy positioning is still challenging for GPS/INS integration in urban environments because of the limited satellite visibility, increasing multipath, and frequent signal blockages. Recently, with the rapid deployment of multi-constellation Global Navigation Satellite System (multi-GNSS) and the great advances in low-cost micro-electro-mechanical-system (MEMS) inertial measurement units (IMUs), it is expected that the positioning performance could be improved significantly. In this contribution, the tightly-coupled single-frequency multi-GNSS RTK/MEMS-IMU integration is developed to provide precise and continuous positioning solutions in urban environments. The innovation-based outlier-resistant ambiguity resolution (AR) and Kalman filtering strategy are proposed specifically for the integrated system to resist the measurement outliers or poor-quality observations. A field vehicular experiment was conducted in Wuhan City to evaluate the performance of the proposed algorithm. Results indicate that it is feasible for the proposed algorithm to obtain high-accuracy positioning solutions in the presence of measurement outliers. Moreover, the tightly-coupled single-frequency multi-GNSS RTK/MEMS-IMU integration even outperforms the dual-frequency multi-GNSS RTK in terms of AR and positioning performance for short baselines in urban environments.
Introduction
High-accuracy positioning is an issue for many applications, such as machine control, unmanned aerial vehicles, mobile mapping, etc. For outdoor environments, Global Positioning System (GPS) real-time kinematics (RTK) has been proven to be a reliable and efficient tool because it can provide centimeter-level positioning after correctly resolving the carrier-phase integer ambiguities. Research has shown that rapid ambiguity resolution (AR) can be achieved in open sky conditions with dual-frequency GPS receivers [1] , but the high-cost of dual-frequency receivers definitely makes many potential applications impossible.
Generally, the single-frequency GPS RTK has a low AR success rate and reliability [2, 3] . With the rapid development of multi-GNSS [4] , the performance of single-frequency RTK can be improved multi-GNSS RTK. In addition, the positioning drifts during real GNSS signal outages instead of simulated outages will be evaluated.
The paper is organized as follows: Section 2 presents the tightly-coupled multi-GNSS RTK/INS integration models including the INS dynamic model, measurement model, and single-epoch ambiguity resolution with inertial aiding. The innovation-based outlier-resistant AR and Kalman filtering strategy is also given in this section. Next, the field experiment and data processing strategies are described in Section 3. The corresponding results and discussion are presented in Section 4, followed by a summary of the work and conclusions in Section 5.
Methods

Tightly-Coupled GPS/BDS/GLONASS RTK/INS Integration Model
In this research, the Extended Kalman Filter (EKF) is used to implement the tightly-coupled multi-GNSS RTK/INS integration. The EKF directly fuses the multi-GNSS data and IMU data to obtain optimal estimates of the integrated system state. In order to show the tightly-coupled integration algorithm, the INS dynamic model, the measurement model and the single-epoch AR with inertial aiding will be introduced in this section.
INS Dynamic Model
In this research, the INS dynamic model is constructed as the ψ-angle error model [30] . In this model, the error analysis is done with respect to the computer (c) frame that is locally levelled at the computed position. The ψ-angle error model can be described as: ψ denote the time derivative of position, velocity, and attitude error vectors, respectively; ω c ie is the angular rate of e-frame (i.e., Earth-centered, Earth-fixed (ECEF)) with respect to the inertial (i) frame, projected to the computer (c) frame; ω c ec is the angular rate of c-frame with respect to e-frame, projected to c-frame; δg c is the gravity error vector projected in the c-frame; δf b and δω b ib denote the inertial sensor errors; C p b is the rotation matrix from the body (b) frame (i.e., forward-right-down (FRD)) to the platform (p) frame.
In order to improve the navigation performance of low-cost MEMS inertial sensors, the IMU errors including the bias and scale factor of both the gyroscope and accelerometer are augmented into the filter state and estimated on-line. In the implementation of GNSS/INS integration algorithms, they are generally modeled as first-order Gauss-Markov process [31] . Therefore, the complete error state vector can be described as:
where δr c and δv c are position and velocity errors in the navigation frame (i.e., north-east-down (NED)), respectively; ψ is the attitude error; b g denotes the gyro bias error; b a denotes the accelerometer bias error; s g and s a are the scale factor errors of the gyro and accelerometer, respectively.
Measurement Model
In the single-frequency GPS/BDS/GLONASS RTK positioning, the code and carrier phase observations on f 1 frequency (herein GPS L1: 1575.42 MHz; BDS B1: 1562.098 MHz; GLONASS L1: 1602.006 + k × 0.5625 MHz, where k is the corresponding satellite frequency number) will be used together. Since there is no frequency overlap in the three GNSS systems, the double-differencing (DD) formulation should be applied within the individual GNSS system, i.e., one reference satellite per system [5] . This is a loosely-coupled way to combine observations from different GNSS systems. The double-differenced code and carrier-phase observation equations of a single GNSS system are given as follows in units of range, and the time stamps are omitted for brevity:
∇∆P R = ∇∆ρ + ∇∆T + ∇∆I + ∇∆ε ρ (3) λ∇∆ϕ = ∇∆ρ + ∇∆T − ∇∆I + λ∇∆N + ∇∆ε ϕ (4) where ∇∆(·) denotes the DD operator; P R and ϕ are code and carrier phase observations, respectively; ρ is the geometric distance in units of meters between the receiver and satellite; T and I denote the tropospheric and ionospheric delay, respectively; λ and N are carrier phase wavelength and integer ambiguity, respectively; ε ρ and ε ϕ are the measurement noise and un-modeled residual error (multipath, etc.) of code and carrier phase observations, respectively. Specifically, for GLONASS carrier phase observations, λ∇∆ϕ and λ∇∆N could be written as follows:
where the superscripts k and r denote the non-reference and reference satellite, respectively; ∆(·) represents the single-differenced (SD) operator. In Equation (6) , the SD ambiguity can be estimated with the SD pseudo-range observations [32] . As the observation of low-elevation satellite is generally noisier, the elevation-dependent weight model is adopted to determine the a priori variance for GNSS observations [33] :
where σ 0 is the un-differenced observation standard deviation (STD) at zenith, and ele is the elevation angle. For RTK positioning of short baseline, the tropospheric term T and ionospheric term I in Equations (3) and (4) can be neglected. The remaining unknown parameters that need to be estimated are the baseline increment vector and integer ambiguities. For single-frequency GPS/BDS/GLONASS RTK, the linearized DD observation with unknown parameters can be described in matrix form as follows:
where n is the total number of DD ambiguities; δp r is the baseline increment vector; ∇∆r 0 denotes the computed DD ranges with approximate rover coordinates and satellite positions; the superscripts 'G', 'C', 'R' represent GPS, BDS and GLONASS, respectively; H is the design matrix containing the relative receiver-satellite geometry; Λ is the diagonal matrix that contains the wavelengths of f 1 frequencies from the GPS, BDS and GLONASS satellites. For the tightly-coupled integration, the measurement model in the discrete-time form can be expressed as
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where H k is the design matrix, and Z k is the measurement vector with the following formula:
where the subscripts "INS" and "GNSS" represent the INS-predicted ranges and GNSS observations, respectively. The INS-predicted ranges are calculated using the INS-updated position and satellite positions. Since the IMU measurement center and the GNSS antenna phase center cannot be installed at the same place, the lever-arm offset should be considered when fusing the two different kinds of data. The lever-arm correction can be described in the e-frame as: 
where r e GNSS and r e I MU are position coordinates in the e-frame for the GNSS rover receiver and IMU center, respectively; C e n is the rotation matrix form the n-frame to the e-frame; C n b is the rotation matrix form the b-frame to the n-frame; b GNSS denotes the lever-arm offset vector in the b-frame. After the error perturbation analysis, the position error term between the IMU and GNSS antenna can be written as [34] :
where × denotes the cross-product operator. Considering that the position error term in the system state vector is expressed in the n-frame, the final design matrix H k in (12) can be derived from (3), (4), (9), (13) , and (15) as:
Single-Epoch Ambiguity Resolution with Inertial Aiding
Differential carrier-phase based centimeter-level positioning relies on the correct integer ambiguity resolution, but there are still challenges for reliable ambiguity resolution in urban environments, especially for single-frequency RTK. For the tightly-coupled RTK/INS integration, a priori information from INS can be used to reduce the search space of integer ambiguities, and then improve the AR reliability [35] . In this research, the INS predicted position information is used as a virtual measurement. Assuming that the observation equation is linearized at the INS predicted position, and then the virtual observation equation from INS predicted position can be written as:
where I 3×3 is the identity matrix. Combining the above equation and (8), the unknown parameters and their corresponding covariance can be obtained through the weighted least-squares estimation:
with: 
Generally, the strength of the normal equation is weak if the code and carrier phase observations are used only because the code measurements are imprecise. With the term W INS in the top-left corner of the above equation, the strength will be enhanced and then the accuracy of the float solution can be improved. Since the precision of INS predicted position is high in the short-term period, this virtual measurement will definitely improve the AR performance.
Once the real-valued ambiguities and their corresponding variance-covariance (VC) matrix are obtained, the Least-squares AMBiguity Decorrelation Adjustment (LAMBDA) method is performed to obtain the integer-valued ambiguities [36] . Then, the ambiguity validation test is performed to determine whether the searched ambiguities should be accepted or not. The validation test is very crucial, as incorrect ambiguity resolution will lead to unacceptable positioning result. In practice, the data-driven ratio-test and model-driven bootstrapped success rate are used together for ambiguity validation [37, 38] , which will be adopted in this research as well.
Innovation-Based Outlier-Resistant Ambiguity Resolution and Kalman Filtering Strategy
In order to keep the optimality of the system state, faulty measurements should be excluded before the Kalman updates. In urban environments, the code and carrier phase observations are susceptible to multipath errors, especially for the code measurements. In the tightly-coupled RTK/INS integration, large code multipath errors will bias the estimates of the float ambiguities dramatically and then reduce the probability of correctly fixing the ambiguities. To reduce the effects of measurement outlier on the parameter estimation, the observation variance should be inflated properly for those with outliers.
Under normal operating condition, the measurement innovation sequence of Kalman filtering should be normally distributed with zero mean. When discrepancies in innovation sequence are found, the faulty measurements are detected. In this research, the following innovation-based inflating factor γ ii is constructed to model the measurements [39] :
where k 0 and k 1 are two constants, usually chosen as 2.0-3.0 and 4.5-8.5, respectively; ν k,i is the i-th normalized measurement innovation at epoch k, which can be written as:
where V k,i is the i-th measurement innovation at epoch k; P k,k−1 is the time update of covariance matrix in the Kalman filtering; R k is the measurement covariance matrix. In Equation (20) , γ ii is equal to one if the measurement is normal; when the measurement is outlying, γ ii is infinite, i.e., this gross measurement will be eliminated; when the normalized value is between k 0 and k 1 , the effect of this measurement on the parameter estimation will be reduced.
Since the DD measurements are correlated mathematically, the inflated measurement covariance matrix should preserve the original correlation. Therefore, the following equivalent covariance matrix should be used in the measurement update:
with:
where γ ij is the inflating factor of the covariance at i-th row and j-th column.
In the ambiguity resolution process, the outlier-resistant scheme will be applied to model the code measurements so that the effects of the abrupt measurement errors on the float ambiguities can be eliminated. In the measurement update stage of Kalman filter, the outlier-resistant filtering will be activated again to model the code or ambiguity-fixed carrier phase observations in case of wrongly accepted ambiguities. With the outlier-resistant ambiguity estimation and filtering, the unbiased float ambiguities and system states can be achieved; otherwise, the system states may become biased or even make the integration filter diverged. Obviously, the two-step outlier-resistant scheme is easy to implement in the framework of RTK/INS integration and little extra computation is required.
Overview of Multi-GNSS RTK/INS Tightly-Coupled Integration with Innovation-Based FDE
According to the description above, an overview of the proposed multi-GNSS RTK/INS integration with innovation-based FDE is shown in Figure 1 . After the system initialization, the compensated raw IMU outputs are used in the INS mechanization to provide high data-rate position, velocity and attitude (PVA) information. In the process of INS mechanization, the second-order coning correction term, the rotational and sculling motion effect are considered to weaken their influences on the attitude and velocity update [40, 41] .
Once the multi-GNSS data from base and rover receivers are available, the double-differenced code and carrier phase observations will be formed within the individual GNSS system. Then, the outlier-resistant ambiguity resolution with INS aiding will be used to resist the code measurement outliers. The LAMBDA method is employed for ambiguity resolution, and a validation process will be used to confirm the correctness of the fixed ambiguities. If the searched ambiguities pass the validation test, the precise ambiguity-fixed carrier phase measurements will be used to update the tightly-coupled integration filter; otherwise, the code observations should be used at this epoch. The measurement inputs of the integration filter is the difference between INS-derived DD ranges and DD code or carrier-phase observations. In the EKF update phase, the outlier-resistant filtering is applied again to model the potential code measurement outlier or the ambiguity-fixed carrier phase measurement in case the incorrectly-fixed ambiguities are accepted. Since the output rate of IMU data is much higher than that of GNSS data, the standalone INS mode will process the IMU data epoch-by-epoch when the GNSS data is not available.
Finally, the estimated IMU sensor errors including the biases and scale factors of the gyroscope and accelerometer are fed back to compensate the errors of raw IMU data. Meanwhile, the navigation solution provided by INS mechanization is updated with the estimated PVA errors from the integration filter. measurement in case the incorrectly-fixed ambiguities are accepted. Since the output rate of IMU data is much higher than that of GNSS data, the standalone INS mode will process the IMU data epochby-epoch when the GNSS data is not available.
Finally, the estimated IMU sensor errors including the biases and scale factors of the gyroscope and accelerometer are fed back to compensate the errors of raw IMU data. Meanwhile, the navigation solution provided by INS mechanization is updated with the estimated PVA errors from the integration filter. 
Field Test Description and Data Processing Strategy
In order to evaluate the performance of the proposed robust single-frequency multi-GNSS RTK/MEMS-IMU integration in urban environments, a field vehicular test was carried out in Wuhan City, China on 12 June 2015. The trajectory, as shown in Figure 2a , is about 7.0 km in the north-south direction and 7.2 km in the east-west direction. A range of scenarios was incorporated in the test route, including relatively open-sky condition, under trees and overpasses, and sub-dense urban 
In order to evaluate the performance of the proposed robust single-frequency multi-GNSS RTK/MEMS-IMU integration in urban environments, a field vehicular test was carried out in Wuhan City, China on 12 June 2015. The trajectory, as shown in Figure 2a , is about 7.0 km in the north-south direction and 7.2 km in the east-west direction. A range of scenarios was incorporated in the test route, including relatively open-sky condition, under trees and overpasses, and sub-dense urban canyon with high buildings (Figure 2b ). Figure 2c shows the test platform and equipment used in this paper. The inertial data from MEMS grade IMU (POS1100), which consists of three MEMS gyroscopes and three quartz accelerometers, was used in this research. The tactical-grade IMU (POS310) with three fiber optic gyroscopes (FOGs) was used to provide the reference solutions. Both of the two IMUs are provided by Wuhan MaiPu Space Time Technology Company (Wuhan, China), and their output rate are 200 Hz. Their main performance specifications are shown in Table 1 .
A Trimble NetR9 multi-GNSS receiver (Sunnyvale, CA, USA), as the reference station, was located on the rooftop of the GNSS Research Center at Wuhan University to collect raw GNSS data. The rover receiver (Trimble BD982 OEM board) was fixed on the vehicle during the driving test. The lever arm offset between the phase center of the rover GNSS antenna and the IMU measuring center was accurately measured in advance. In the experiment, the sampling rate of multi-GNSS data in the base and rover station was set to 1 Hz. As shown in Figure 2d , the field test took about 45 min and the vehicle stayed static in the first several minutes.
In the data processing, broadcast ephemeris are used to provide satellite clocks and orbits for GPS, BDS, and GLONASS. As the baseline separation is less than 7 km, the tropospheric and ionospheric delay are not considered. Empirically, a priori standard deviations for the un-differenced GPS, BDS, and GLONASS carrier phase observation at the zenith are set to 3 mm. The values for code observations of GPS, BeiDou MEO/IGSO, BeiDou GEO, and GLONASS satellites are 0.35 m, 0.35 m, 0.5 m, and 0.5 m, respectively. In terms of the ambiguity validation, the predefined success rate is set to 0.99, and the critical ratio value is 3.0 for the GPS-only and 2.0 for the combined GNSS system. The main reason why smaller ratio value is applied to the combined GNSS system is that it provides much better satellite geometry and model strength for reliable AR than the single GNSS system [42] .
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Results and Discussion
Satellite Availability
The satellite availability in sub-dense urban environments is investigated at first for the GPS (G), BDS (C) and GLONASS (R). As shown in Figure 3 , the PRN numbers between 1 and 32 are for the GPS satellites, between 33 and 67 for the BDS, and between 68 and 91 for the GLONASS. Currently, the constellations of GPS and GLONASS consist of MEO satellites only, whereas the BDS constellation is comprised of GEO, IGSO, and MEO satellites. In this field test, there are four GEO satellites (C33, C35, C36, and C37) and five IGSO satellites (C38-C42) tracked, but no MEO satellites were tracked. It can be seen that some satellites' tracking conditions are very poor due to the high buildings and overpasses in the urban environments wherein the longest partial GNSS outage lasted about 2 min with only 1-2 satellites tracked. Obviously, the multi-GNSS provides many more available satellites than the GPS only, which will definitely bring benefits for RTK positioning in urban environments.
The number of satellites and the corresponding position dilution of precision (PDOP) of GPS, GPS + BDS (G + C), and GPS + BDS + GLONASS (G + C + R) with a 15 • cut-off elevation angle in the rover station are depicted in Figure 4a ,b, respectively.
It can be seen from Figure 4 that the satellite availability and PDOP can be improved visibly by using the combined GPS/BDS and GPS/BDS/GLONASS systems. According to the statistics from Figure 4 , the average number of satellites of GPS, GPS + BDS, and GPS + BDS + GLONASS are 6.0, 12.3, and 16.5, and the corresponding average PDOPs are 3.12, 2.05, and 1.71, respectively. Compared with the GPS, the PDOP improvements of the multi-GNSS are about 34.3-45.2%. Obviously, the average number of available satellites in urban environments are less than that in open-sky conditions. Figure 3 , the PRN numbers between 1 and 32 are for the GPS satellites, between 33 and 67 for the BDS, and between 68 and 91 for the GLONASS. Currently, the constellations of GPS and GLONASS consist of MEO satellites only, whereas the BDS constellation is comprised of GEO, IGSO, and MEO satellites. In this field test, there are four GEO satellites (C33, C35, C36, and C37) and five IGSO satellites (C38-C42) tracked, but no MEO satellites were tracked. It can be seen that some satellites' tracking conditions are very poor due to the high buildings and overpasses in the urban environments wherein the longest partial GNSS outage lasted about 2 min with only 1-2 satellites tracked. Obviously, the multi-GNSS provides many more available satellites than the GPS only, which will definitely bring benefits for RTK positioning in urban environments.
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Multi-GNSS RTK/INS Integration with Innovation-Based FDE
One of the key issues for GNSS-based high-accuracy positioning in urban environments is the fault detection and exclusion because the GNSS observations are more likely to contain measurement outliers. As the code measurements can have very large multipath error, they should be detected and excluded in the data processing. As stated previously, the measurement innovations of Kalman filtering should be distributed with zero mean and there will be discrepancies for those measurements with outliers. Figure 5 depicts the code innovations for all available GPS + BDS + GLONASS satellites with a 15° cut-off elevation angle. It can be seen that very large code measurement outliers (shown in three red circles) are detected in the Kalman filter's innovation sequence of DD code observation. A zoom-in window is given to show the spread of those code innovations with small magnitudes. It shows that most of the code innovations are within ±2 m, but there are still small discrepancies. There is no doubt that these code measurements with abrupt outliers will affect ambiguity resolution and positioning accuracy if no effective measures are taken. 
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One of the key issues for GNSS-based high-accuracy positioning in urban environments is the fault detection and exclusion because the GNSS observations are more likely to contain measurement outliers. As the code measurements can have very large multipath error, they should be detected and excluded in the data processing. As stated previously, the measurement innovations of Kalman filtering should be distributed with zero mean and there will be discrepancies for those measurements with outliers. Figure 5 depicts the code innovations for all available GPS + BDS + GLONASS satellites with a 15° cut-off elevation angle. It can be seen that very large code measurement outliers (shown in three red circles) are detected in the Kalman filter's innovation sequence of DD code observation. A zoom-in window is given to show the spread of those code innovations with small magnitudes. It shows that most of the code innovations are within ±2 m, but there are still small discrepancies. There is no doubt that these code measurements with abrupt outliers will affect ambiguity resolution and positioning accuracy if no effective measures are taken. Figure 6 gives an example about the effects of code measurement outlier on the estimation of float ambiguities. It shows the ambiguity biases with and without innovation-based FDE in the presence of one code measurement outlier on a GLONASS satellite whose code innovation is -19.8 m (given by the integration filter). The ambiguity bias is defined as the difference between the estimated float ambiguity and its true integer value. If the ambiguity bias is closer to zero, it is more likely to fix the ambiguity correctly. It can be seen that the ambiguity biases are within 0.15 cycles, except the satellite with the outlier (about 0.26 cycles), when the innovation-based FDE strategy is applied. By comparison, the ambiguity biases are much larger without FDE and the maximum ambiguity bias is even more than 0.6 cycles, which will prevent correct ambiguity fixing. Figure 6 gives an example about the effects of code measurement outlier on the estimation of float ambiguities. It shows the ambiguity biases with and without innovation-based FDE in the presence of one code measurement outlier on a GLONASS satellite whose code innovation is -19.8 m (given by the integration filter). The ambiguity bias is defined as the difference between the estimated float ambiguity and its true integer value. If the ambiguity bias is closer to zero, it is more likely to fix the ambiguity correctly. It can be seen that the ambiguity biases are within 0.15 cycles, except the satellite with the outlier (about 0.26 cycles), when the innovation-based FDE strategy is applied. By comparison, the ambiguity biases are much larger without FDE and the maximum ambiguity bias is even more than 0.6 cycles, which will prevent correct ambiguity fixing. In order to verify the feasibility of high-accuracy positioning in the presence of measurement outliers, Figure 7 shows the root-mean-square (RMS) of code innovations of the tightly-coupled GPS/BDS/GLONASS/INS integration and the AR fixing differences with and without innovationbased FDE. The epochs whose AR fixing difference is equal to zero (shown in red) means that the fixing states of these epochs are the same, i.e., both fixed or float. The epochs that can be fixed only with FDE are depicted with green circles. It can be seen that the ambiguity-fixed solution can be obtained in some cases even though a large code measurement outlier is present. Clearly, the innovation-based FDE strategy is effective to resist the code measurement outliers and, thus, improve the ambiguity resolution performance. In order to verify the feasibility of high-accuracy positioning in the presence of measurement outliers, Figure 7 shows the root-mean-square (RMS) of code innovations of the tightly-coupled GPS/BDS/GLONASS/INS integration and the AR fixing differences with and without innovation-based FDE. The epochs whose AR fixing difference is equal to zero (shown in red) means that the fixing states of these epochs are the same, i.e., both fixed or float. The epochs that can be fixed only with FDE are depicted with green circles. It can be seen that the ambiguity-fixed solution can be obtained in some cases even though a large code measurement outlier is present. Clearly, the innovation-based FDE strategy is effective to resist the code measurement outliers and, thus, improve the ambiguity resolution performance.
Since the ambiguity is resolved in the single-epoch mode, the integrated filter will be insensitive to the frequent cycle slips in urban environments. In the filter's measurement update stage, the outlier-resistant Kalman filtering strategy will be applied for the code or ambiguity-fixed carrier-phase measurements. For carrier-phase based high-accuracy positioning, the ambiguity-fixed carrier phase residual can indicate the correctness of ambiguity resolution and positioning accuracy. Figures 8 and 9 show the DD carrier phase residual and the corresponding RMS of all the available satellites of the tightly-coupled GPS/BDS/GLONASS/INS integration, respectively. It can be seen from Figure 8 that the DD carrier phase residuals are below 10 cm for all the available satellites and most of them are within ±2 cm. The obvious discrepancies of some residuals may be mainly due to the un-modeled multipath effects. The corresponding RMSs of carrier phase residuals are below 20 mm, except for one BDS IGSO satellite and one GLONASS satellite (shown in Figure 9 ). The relatively large residuals of these two satellites may be caused by low-elevation multipath. It can be seen from Figure 8 that the DD carrier phase residuals are below 10 cm for all the available satellites and most of them are within ±2 cm. The obvious discrepancies of some residuals may be mainly due to the un-modeled multipath effects. The corresponding RMSs of carrier phase residuals are below 20 mm, except for one BDS IGSO satellite and one GLONASS satellite (shown in Figure 9 ). The relatively large residuals of these two satellites may be caused by low-elevation multipath. It can be seen from Figure 8 that the DD carrier phase residuals are below 10 cm for all the available satellites and most of them are within ±2 cm. The obvious discrepancies of some residuals may be mainly due to the un-modeled multipath effects. The corresponding RMSs of carrier phase residuals are below 20 mm, except for one BDS IGSO satellite and one GLONASS satellite (shown in Figure 9 ). The relatively large residuals of these two satellites may be caused by low-elevation multipath.
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Single-Epoch Ambiguity Resolution and Positioning
In order to assess the AR and positioning performance of the single-frequency multi-GNSS RTK/INS tightly-coupled integration algorithm in urban environments, the reference trajectory was generated firstly by using the measurements of a tactical-grade POS310 IMU and dual-frequency GPS/BDS/GLONASS data in the tightly-coupled RTK/INS integration mode with Rauch-TungStriebel (RTS) smoothing [43] . Since frequent loss-of-lock occurs in urban environments, we focus on the single-epoch ambiguity resolution and positioning performance in this research. This method has the advantage that the positioning results are insensitive to the cycle slips. The ambiguity resolution and positioning performance of single-and dual-frequency RTK (single GPS and multi-GNSS) will also be investigated and their results will be compared with the solution of the tightly-coupled singlefrequency RTK/INS integration. In order to show the difference of RTK with and without INS aiding, the positioning results of the tightly-coupled RTK/INS integration are excluded at those epochs when the GNSS-only solution is not available (e.g., the number of satellites is less than four for GPS).
We first evaluate the AR and positioning performance of the GPS, GPS + BDS (G + C), and GPS + BDS + GLONASS (G + C + R) with a customary cut-off elevation angle of 15°. Figure 10 shows the time series of position difference in the north, east, and vertical directions for single-frequency RTK (GPS, G + C, G + C + R, top two rows), dual-frequency RTK (GPS, G + C, G + C + R, middle two rows), and single-frequency RTK/INS integration (GPS, G + C, G + C + R, bottom two rows). The correctlyfixed solutions, incorrectly-fixed solutions, and float solutions are shown in green, red, and grey, respectively. The zoom-in windows are provided for both the horizontal (north, east) scatterplots and vertical (down) time series to show the details of the correctly-fixed solutions. The correctness of ambiguity fixing is checked according to the positioning difference between the fixed solution and the reference solution. If the position difference is larger than 0.1 m in the north or east components, or 0.15 m in the vertical direction, the integer ambiguities will be considered as incorrectly fixed.
It can be seen from Figure 10 that the AR and positioning performance of single-frequency GPSonly RTK is very poor, indicating that it is difficult to use single-frequency GPS RTK for highaccuracy kinematic positioning in urban environments. The addition of BDS increases the AR performance dramatically, and the inclusion of GLONASS together further improves the performance. Compared with the single-frequency GPS RTK, the dual-frequency GPS RTK can obviously improve the positioning performance due to the doubled observations on another frequency, but its performance is worse than the single-frequency multi-GNSS RTK. Therefore, better satellite availability from multi-GNSS brings benefits for single-frequency RTK in urban environments. Significantly, the AR and positioning performance of dual-frequency multi-GNSS RTK are further improved with a substantial decrease of ambiguity-float solutions in comparison with the single-frequency multi-GNSS RTK. 
In order to assess the AR and positioning performance of the single-frequency multi-GNSS RTK/INS tightly-coupled integration algorithm in urban environments, the reference trajectory was generated firstly by using the measurements of a tactical-grade POS310 IMU and dual-frequency GPS/BDS/GLONASS data in the tightly-coupled RTK/INS integration mode with Rauch-Tung-Striebel (RTS) smoothing [43] . Since frequent loss-of-lock occurs in urban environments, we focus on the single-epoch ambiguity resolution and positioning performance in this research. This method has the advantage that the positioning results are insensitive to the cycle slips. The ambiguity resolution and positioning performance of single-and dual-frequency RTK (single GPS and multi-GNSS) will also be investigated and their results will be compared with the solution of the tightly-coupled single-frequency RTK/INS integration. In order to show the difference of RTK with and without INS aiding, the positioning results of the tightly-coupled RTK/INS integration are excluded at those epochs when the GNSS-only solution is not available (e.g., the number of satellites is less than four for GPS).
We first evaluate the AR and positioning performance of the GPS, GPS + BDS (G + C), and GPS + BDS + GLONASS (G + C + R) with a customary cut-off elevation angle of 15 • . Figure 10 shows the time series of position difference in the north, east, and vertical directions for single-frequency RTK (GPS, G + C, G + C + R, top two rows), dual-frequency RTK (GPS, G + C, G + C + R, middle two rows), and single-frequency RTK/INS integration (GPS, G + C, G + C + R, bottom two rows). The correctly-fixed solutions, incorrectly-fixed solutions, and float solutions are shown in green, red, and grey, respectively. The zoom-in windows are provided for both the horizontal (north, east) scatterplots and vertical (down) time series to show the details of the correctly-fixed solutions. The correctness of ambiguity fixing is checked according to the positioning difference between the fixed solution and the reference solution. If the position difference is larger than 0.1 m in the north or east components, or 0.15 m in the vertical direction, the integer ambiguities will be considered as incorrectly fixed.
It can be seen from Figure 10 that the AR and positioning performance of single-frequency GPS-only RTK is very poor, indicating that it is difficult to use single-frequency GPS RTK for high-accuracy kinematic positioning in urban environments. The addition of BDS increases the AR performance dramatically, and the inclusion of GLONASS together further improves the performance. Compared with the single-frequency GPS RTK, the dual-frequency GPS RTK can obviously improve the positioning performance due to the doubled observations on another frequency, but its performance is worse than the single-frequency multi-GNSS RTK. Therefore, better satellite availability from multi-GNSS brings benefits for single-frequency RTK in urban environments. Significantly, the AR and positioning performance of dual-frequency multi-GNSS RTK are further improved with a substantial decrease of ambiguity-float solutions in comparison with the single-frequency multi-GNSS RTK.
The results from Figure 10 also show that the ambiguity resolution and positioning performance of the single-frequency multi-GNSS RTK/INS integration can be significantly improved with fewer ambiguity-float solutions than the corresponding single-and dual-frequency RTK solutions. Compared with single-frequency GPS RTK, the corresponding tightly-coupled GPS RTK/INS integration has only small improvements in AR performance, but the accuracy and stability of the ambiguity-float position series improves significantly due to the short-term accuracy and strong constraints of the INS. For kinematic positioning in urban environments, this is one of the most important advantages of the integrated GNSS/INS system. In case of RTK positioning, the ambiguity-float position error can be large because it mainly depends on the quality and precision of the code measurements.
In Table 2 , we provide the corresponding statistical information in terms of RMS of position difference of the float and correctly-fixed single-epoch solution, positioning availability and fixing rate of GPS, GPS + BDS, and GPS + BDS + GLONASS. The position availability, i.e., the percentage of all epochs that the RTK positioning, is available to the total number of epochs. The AR fixing rate for full ambiguity resolution was computed by:
For the single-epoch-based kinematic positioning, this fixing rate directly reflects the high-accuracy positioning availability.
It can be seen from Table 2 that the positioning availability is increased from 85.5% of the GPS to 91.8% of the GPS + BDS and 92.4% of the GPS + BDS + GLONASS, respectively. The fixing rate of the single-frequency GPS RTK is only 0.1%. By comparison, the fixing rate of single-frequency GPS + BDS and GPS + BDS + GLONASS RTK increases to 25.1% and 44.7%, respectively. Obviously, the dual-frequency multi-GNSS RTK greatly improves the AR performance with fixing rates of 75.8% and 76.7% for the GPS + BDS and GPS + BDS + GLONASS systems, respectively. The dual-frequency GPS-only RTK has a low fixing rate of 10.4% due to the poor satellite geometry (mean number of satellites is 6.0). The single-frequency multi-GNSS RTK/INS integration shows better AR performance with fixing rate of 86.1% for both the GPS + BDS and GPS + BDS + GLONASS system. This means that centimeter-level positioning accuracy is available over 86% of the time in the field test with the tightly-coupled single-frequency multi-GNSS RTK/INS integration. Similar to the dual-frequency GPS-only RTK, the fixing rate of single-frequency GPS RTK/INS integration is also very low (only 5.8%). Table 2 . The positioning availability (PA, %), RMS of positioning differences (north, east, down) of the float and correctly-fixed single-epoch solution, and fixing rate P FR (%) for different system configurations with a 15 • cut-off elevation angle. The results from Table 2 also show that the RMSs of the position differences of the correctly-fixed solutions for the GPS, GPS + BDS, and GPS + BDS + GLONASS are all within 3 cm in the north, east, and vertical directions. Noticeably, the RMSs of the float solutions of the tightly-coupled single-frequency RTK/INS integration are much smaller than that of the single-and dual-frequency RTK. We also notice that some RMS values of the L1-RTK fixed solutions are smaller than that of L1/L2-RTK. The main reason for this is that the fixing rate of L1-RTK is much lower and the majority of these fixed solutions are obtained under relatively good observation conditions with small PDOP and multipath error. Therefore, the precision of these fixed solutions can be very high and the RMS value of them is smaller. Similarly, the reason why some RMS values of L1/L2-RTK float solutions is greater than that of L1 RTK is that the percentage of L1/L2 float solutions is much lower and the observation condition of these epochs is generally very poor with fewer visible satellites. Overall, the L1 RTK can obtain fixed solutions in good condition while L1/L2 RTK can obtain fixed solutions in more challenged cases.
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Remote Sens. 2018, 10, x FOR PEER REVIEW 15 of 22 multipath error. Therefore, the precision of these fixed solutions can be very high and the RMS value of them is smaller. Similarly, the reason why some RMS values of L1/L2-RTK float solutions is greater than that of L1 RTK is that the percentage of L1/L2 float solutions is much lower and the observation condition of these epochs is generally very poor with fewer visible satellites. Overall, the L1 RTK can obtain fixed solutions in good condition while L1/L2 RTK can obtain fixed solutions in more challenged cases. For the high-accuracy positioning in urban environments, the measurements are easily affected by multipath outliers, especially for those from low-elevation satellites. These measurement outliers will make reliable AR impossible and bias the final positioning result. With the greatly increased observations from multi-GNSS, the high-accuracy positioning with higher cut-off elevation angles becomes possible. Therefore, we also investigate the positioning capabilities of the combined GPS, BeiDou, and GLONASS systems with elevation cut-off angles of 25 • , 30 • , and 35 • . Figure 11 shows the time series of the position differences in the north, east, and vertical directions for single-frequency RTK (1st column), dual-frequency RTK (2nd column), and single-frequency RTK/INS integration (3rd column), respectively. The first two rows are for a 25 • cut-off elevation, while the middle two rows and last two rows are for elevation cut-off angles of 30 • and 35 • , respectively.
The results from Figure 11 indicates that the AR and positioning performance of dual-frequency GPS/BDS/GLONASS RTK are much better than that of the corresponding single-frequency RTK, especially under the higher cut-off elevation angle. Meanwhile, the performance of the dual-frequency multi-GNSS RTK does not degrade obviously with the increasing cut-off elevation angles, while this is not the case for the single-frequency multi-GNSS RTK. In comparison with dual-frequency multi-GNSS RTK, the performance of the tightly-coupled single-frequency multi-GNSS RTK/INS integration is improved further with fewer ambiguity-float solutions and a smaller positioning error. Generally, the quality of the measurements from high-elevation satellites are better than that from low-elevation satellites. However, the position error of ambiguity-float RTK can also be very large with high elevation cut-off angles. Table 3 shows the corresponding AR and positioning performance of the combined GPS, BDS, and GLONASS system with elevation cut-off angles of 25 • , 30 • , and 35 • . It includes the fixing rate and RMSs of positioning differences of the float and correctly-fixed single-epoch solution.
It can be seen from Table 3 The results in Table 3 also indicate that centimeter-level poisoning accuracy is available once the ambiguities are correctly fixed. The RMSs of position differences of the correctly-fixed solutions with three different cut-off elevation angles are all within 3 cm in the north-east-down components. The RMSs of the ambiguity-float solutions of the tightly-coupled RTK/INS integration are all within 1 m in the north, east, and vertical directions. By contrast, the RMSs of the corresponding ambiguity-float RTK solutions can reach more than 2 m in the vertical direction. Table 3 . RMSs of positioning difference (north, east, down) of the float and correctly-fixed single-epoch solution and fixing rate P FR (%) of the GPS + BDS + GLONASS system with higher cut-off elevation angles. 
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Position Drift Error for Multi-GNSS RTK/INS Integration after the End of GNSS Outages
For most dynamic applications, it is inevitable for vehicles to go through the overpasses, trees and tunnels, etc. In these conditions, the satellite signals may lose lock frequently no matter the single GPS or the multi-GNSS is used. The frequent signal loss makes the GNSS data processing more complicated, especially for the carrier-phase based high-accuracy positioning. Figure 12 shows the GNSS outage (it cannot provide RTK solutions) durations during the driving test for the combined GPS, BDS, and GLONASS system with a 15 • cut-off elevation angle. Three zoom-in windows are given to show the magnitude of the outage duration wherein the longest outage lasts more than 2 min and some others are within 10 s.
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For most dynamic applications, it is inevitable for vehicles to go through the overpasses, trees and tunnels, etc. In these conditions, the satellite signals may lose lock frequently no matter the single GPS or the multi-GNSS is used. The frequent signal loss makes the GNSS data processing more complicated, especially for the carrier-phase based high-accuracy positioning. Figure 12 shows the GNSS outage (it cannot provide RTK solutions) durations during the driving test for the combined GPS, BDS, and GLONASS system with a 15° cut-off elevation angle. Three zoom-in windows are given to show the magnitude of the outage duration wherein the longest outage lasts more than 2 min and some others are within 10 s. Figure 12 . GNSS outage durations during the driving test for the combined GPS, BDS, and GLONASS system with a 15° cut-off elevation angle.
Since the high-precision position information during the long outages is not available in the real experiments, the maximum position error is used to evaluate the positioning performance in the data analysis. Generally, the position errors reach the maximum at the end of outages and the accurate reference position at this epoch can be obtained by applying backward smoothing. Table 4 shows all the outage durations and the corresponding maximum position drift errors. Since the high-precision position information during the long outages is not available in the real experiments, the maximum position error is used to evaluate the positioning performance in the data analysis. Generally, the position errors reach the maximum at the end of outages and the accurate reference position at this epoch can be obtained by applying backward smoothing. Table 4 shows all the outage durations and the corresponding maximum position drift errors. It can be seen from Table 4 that the maximum drift at the longest outage duration is up to 5.235, 17.393, and 33.521 m in the north, east, and vertical components. It is also clear that the position drift becomes larger when the outage duration increases. It is mainly due to the uncompensated IMU errors and these errors will lead to the rapid growth of position drift for MEMS inertial sensors. Generally, centimeter-level positioning accuracy can be obtained when the outage duration is within 4 s for the POS1100 MEMS grade IMU. This capability to provide high-accuracy navigation results within short-term outages is meaningful for some navigation applications.
Conclusions
Carrier-phase-based high-accuracy positioning in urban environments is still a challenging task, even using high-cost dual-frequency receivers. In this contribution, the tightly-coupled integration of the single-frequency multi-GNSS RTK and low-cost MEMS-IMU was developed to provide reliable and continuous high-accuracy positioning in GNSS-challenged environments. The outlier-resistant AR and Kalman filtering strategy was proposed specifically for the integration algorithm to resist the measurement outliers. A field vehicular test was carried out to investigate the high-accuracy positioning capabilities of the proposed algorithm in urban environments. Comparisons in terms of AR and positioning performance have been conducted with respect to the single-and dual-frequency multi-GNSS RTK. The following conclusions can be drawn based on the presented results and analysis in this research.
In urban environments, the satellite tracking condition is poor due to the frequent loss-of-lock of the satellite signal, and the degraded satellite availability poses serious challenges to positioning, especially for the single GPS system. The GNSS observations are susceptible to outliers in such environments. Therefore, the fault detection and exclusion is definitely required for reliable positioning; otherwise, the reliable ambiguity resolution is impossible when measurement outliers are in the GNSS data. The proposed outlier-resistant ambiguity resolution and Kalman filtering strategy are suitable for the tightly-coupled integration algorithm and effective to improve the ambiguity resolution performance. By applying an outlier-resistant ambiguity resolution and filtering strategy, the ambiguity-fixed solutions can be obtained even though the measurements are contaminated with large outliers.
The AR and positioning performance of GPS is very poor in urban environments, even using the dual-frequency RTK. As expected, the multi-GNSS can greatly improve the positioning performance due to the increased satellite availability and better spatial geometry structure. The fixing rate of single-frequency GPS RTK increases from 0.1% to 25.1% and 44.7% of the GPS/BDS and GPS/BDS/GLONASS RTK, respectively. The dual-frequency RTK can obtain much better results than the corresponding single-frequency RTK with fixing rates of 10.4%, 75.8%, and 76.7% for the GPS, GPS/BDS, and GPS/BDS/GLONASS, respectively. The performance can be further improved by the single-frequency multi-GNSS RTK/MEMS-IMU tightly-coupled integration with fewer ambiguity-float solutions and smaller positioning error than the corresponding dual-frequency multi-GNSS RTK. The corresponding fixing rate for the GPS, GPS/BDS, and GPS/BDS/GLONASS are 5.8%, 86.1%, and 86.1%, respectively. Additionally, the position errors of ambiguity-float RTK are large even with a higher cut-off elevation angle because it mainly relies on the relatively imprecise code measurements. By contrast, the ambiguity-float solution of the RTK/INS tightly-coupled integration is more stable and accurate due to the strong constraint from the INS in the short-term period.
The results also show that high-accuracy positioning is feasible with limited performance loss for the single-frequency GPS/BDS/GLONASS/INS integration when higher cut-off elevation angles are applied in urban environments. Its AR fixing rate is 86.2%, 84.7%, and 82.2% when the cut-off elevation angles are set to 25 • , 30 • , and 35 • , respectively. Compared with the high-cost dual-frequency RTK, the tightly-coupled integration of single-frequency multi-GNSS and low-cost MEMS-IMU are promising and preferred for some applications in urban environments.
For long outage durations, it is difficult to obtain centimeter-level positioning accuracy during the GNSS outage. Therefore, other aiding sensors and methods will be considered in the future to further improve the high-accuracy positioning capabilities. In addition, suitable methods should be developed to model the multipath error on the carrier phase.
